Crystals of the complexes of (؉)-catechin (CA) of non-galloylated catechin and (؊)-catechin-3-O-gallate (Cg) of galloylated catechin with caffeine were prepared, and their stereochemical structures and intermolecular interactions were determined by X-ray crystallographic analysis. CA formed a 1 : 1 complex with caffeine by intermolecular hydrogen bonds, whereas Cg formed a 1 : 2 complex with caffeine, which was formed by face-toface and offset p p-p p interactions and intermolecular hydrogen bonds. A solution of two kinds of non-galloylated catechin, CA and (؊)-epicatechin (EC), and caffeine (molar ratio 1 : 1 : 2) in water afforded a 1 : 1 : 2 complex, the crystal structure of which had two layers, one layer in which CA and caffeine formed alternate lines and an other layer in which EC and caffeine formed alternate lines. The 1 : 1 : 2 complex was formed by offset p p-p p and CH-p p interactions and intermolecular hydrogen bonds. Fig. 1. Various Catechins and Caffeine (a) 1 : 1 complex of CA and caffeine. (b) CA alone. (c) 1 : 1 complex of EC and caffeine. 23) (d) 1 : 2 complex of Cg and caffeine.
Tea (Camellia sinensis, Camelliaceae) has been consumed throughout the world since ancient times to maintain and improve health. Tea leaves contain many characteristic constituents, and catechins are known to be one of their major components. Catechins show various beneficial effects, such as anti-hypercholesterolemic, 1, 2) anti-bacterial, 3, 4) anti-oxidative, 5, 6) and anti-cancer effects. 7, 8) The major catechins in green tea are mainly classified into two categories by the existence of a galloyl group on the oxygen atom at the C3 position, non-galloylated and galloylated catechins. 9) Generally, galloylated catechins show higher activities than non-galloylated catechins. [10] [11] [12] [13] Caffeine is an alkaloid that has a central nervous systemstimulating effect and is also the other major component of tea leaves. Interestingly, it is known that catechins form complexes with caffeine in black tea. [14] [15] [16] Such complexes are thought to be unique stereochemical structures, with interesting intermolecular interactions between catechins and caffeine. Also, it is very important to elucidate the stereochemical structures and the molecular interactions to explain the character and function of the complexes of catechins and caffeine. Previous structural studies of the complexes of polyphenols and caffeine were performed mainly in solution using several NMR techniques, [17] [18] [19] but their stereochemical structures and detailed intermolecular interactions have not been elucidated sufficiently.
Thus, we have attempted to prepare crystals of the complexes of various tea catechins and caffeine, and investigated the stereochemical structures and intermolecular interaction using X-ray crystallographic analysis about the complexes which was able to get crystals successfully.
A suspension of (Ϫ)-gallocatechin gallate (GCg) of galloylated catechin and caffeine in water gave two complexes, 1 : 2-and 2 : 2-complexes. X-Ray crystallographic analysis of crystals of the 1 : 2 complex showed that p-p interactions formed between the A, BЈ rings of GCg and the two sixmembered rings of caffeine, whereas the 2 : 2 complex showed that the A and C rings of GCg moieties faced each other, and face-to-face p-p interactions formed between the B ring of GCg and caffeine, the BЈ ring of GCg and caffeine. [20] [21] [22] In this paper we focused on (ϩ)-catechin (CA) of non-galloylated catechins and (Ϫ)-catechin-3-O-gallate (Cg) of galloylated catechins (Fig. 1 ). The structural difference between CA and Cg is the presence of a galloyl group on the oxygen atom at the C3 position or absence, and all others are the same. Crystals of the complexes of CA and Cg with caffeine were prepared, and X-ray crystallographic analyses of the complexes were performed to determine the crystal stereochemical structures and to elucidate the detailed intermolecular interaction of non-covalent interaction between CA, Cg and caffeine moieties.
Next, the stereochemical structure and intermolecular interaction of complexes of multiple catechins with caffeine were investigated by X-ray crystallographic analyses. Crystals of the complexes of two non-gallated catechins, CA and (Ϫ)-epicatechin (EC), with caffeine were prepared, and the stereochemical structure and intermolecular interactions were investigated and compared with those of the complexes of CA and caffeine, and EC and caffeine.
Results and Discussion
1 : 1 Complex of CA and Caffeine A solution containing equimolecular amounts of CA and caffeine in water was lyophilized to give a pale orange powder, which was recrystallized from methanol to afford colorless needles. The crystal structure was determined to be a 1 : 1 complex of CA and caffeine by X-ray crystallographic analysis. One unit cell contained two CA molecules, two caffeines, and two methanol molecules as crystal solvent (Fig. 2) .
The crystal structure of CA alone was also determined by X-ray crystallographic analysis to compare with the CA moiety of the 1 : 1 complex of CA and caffeine. One unit cell contained two CA molecules and four methanol molecules as crystal solvent (Fig. 3) .
The torsion angles of H2-C2-C3-H3 and C1Ј-C2-C3-O in the CA moiety of the 1 : 1 complex of CA and caffeine were 169°and 48.3(7)°, and those in CA alone were 170°and 53.3(6)°, respectively ( Table 1 ). These results indicated that both B ring and hydroxyl group of CA moiety of the 1 : 1 complex and CA alone were in both equatorial positions with The layer structures of the 1 : 1 complex of CA and caffeine and CA alone were investigated. There is the B ring of CA and caffeine in the same plane, and the B ring and fivemembered ring of caffeine mutually shifted and accumulated ( Fig. 5a ). Units of the 1 : 1 complex piled up parallel to the baxis, and the angle of C(7)-C(5)-C(5) was 45.9(2)°. On the other hand, in the layer structure of CA alone, CA faced the same direction and piled up parallel to the b-axis (Fig. 5b) ; the angle of C(7)-C(5)-C(5) was 50.5(2)°. The CA moieties of the 1 : 1 complex resemble CAs in the layer structure.
In the layer structure of the 1 : 1 complex of CA and caffeine, three O-H · · · O and one O-H · · · N intermolecular hydrogen bonds were formed between CAs, CA and caffeine, methanol and caffeine ( Fig. 6a , Table 2 intermolecular hydrogen bonds between CAs, CA and methanol were observed in the crystal structure of CA alone ( Fig. 6b , Table 3 ). 1 : 2 Complex of Cg and Caffeine A suspension containing equimolecular amounts of Cg and caffeine in water gave a sticky substance, which afforded a colorless powder. The powder was recrystallized from water to give colorless plates of the complex of Cg and caffeine. The crystal structure was determined to be a 1 : 2 complex of Cg and caffeine by X-ray crystallographic analysis. In a unit of the 1 : 2 complex of Cg and caffeine, one caffeine molecule was located below the A ring of a Cg molecule, and the other was located above the BЈ ring of a Cg molecule. One unit cell contained one Cg molecule and two caffeine molecules (Fig. 7b ).
The torsion angles of H2-C2-C3-H3 and C1Ј-C2-C3-O in the Cg moiety of the 1 : 2 complex of Cg and caffeine were 169°and 47.6(16)°, respectively (Table 1 ). This indicated that both B and BЈ rings of Cg were both in equatorial positions with respect to the C ring of the Cg molecule (Fig. 4d ).
The layer structure of 1 : 2 complex of Cg and caffeine was investigated. In the layer structure of the 1 : 2 complex of Cg and caffeine, units of the 1 : 2 complex of Cg and caffeine Table 3 . Intermolecular Hydrogen Bonds in CA Alone piled up parallel to the a-axis (Fig. 8 ). The distances between A rings of Cgs, BЈ rings of Cgs were 7.013 Å and 6.763 Å, respectively. Two caffeine molecules were located in almost the middle of the A rings of Cgs and BЈ rings of Cgs. The A and BЈ rings of the upper Cg and the BЈ rings of the lower Cg slightly shifted to the six-membered rings of caffeine, and the A rings of the lower Cg were face to face with six-membered rings of caffeine. Molecular interactions of non-covalent bonds, such as intermolecular hydrogen bonds, are weaker forces than covalent bonds; however, they play a very important role to form such complexes, and are thought to affect character and physiological activity. Therefore, intermolecular interactions between Cg and caffeine moieties to form the 1 : 2 complex were investigated. The two caffeine molecules were sandwiched between the A and BЈ rings of Cgs by offset p-p interactions (gray arrows in Fig. 9 ), except between the A ring of Cg and six-membered rings of caffeine marked by dottedline and black arrow in Fig. 9 . The molecular interaction of the dotted-line and black arrow was face-to-face p-p interaction. As shown in Fig. 9 and Table 4 , six O-H · · · O hydrogen bonds were observed in the 1 : 2 complex of Cg and caffeine.
1 : 1 : 2 Complex of CA, EC and Caffeine Solutions containing CA, EC and caffeine of molar ratios 1 : 1 : 2, 1 : 1 : 4 and 1 : 2 : 4 in water gave sticky substances of molar ratios 1 : 1 : 2, 1 : 1 : 4 and 1 : 2 : 4 based on measurement of the integral volume of 1 H-NMR signals, respectively, while a solution containing CA, EC and caffeine of molar ratio 1 : 1 : 1 in water did not give such a sticky substance. In the three sticky substances, only the sticky substance with molar ratio 1 : 1 : 2 gave colorless needles successfully. The single crystal structure was determined to be a 1 : 1 : 2 complex of CA, EC and caffeine by X-ray crystallographic analysis. One unit cell contained two units of the 1 : 1 : 2 complex and twelve water molecules as crystal solvent (Fig. 10b) .
The B ring and hydroxyl group of CA moiety of the 1 : 1 : 2 complex were both in equatorial positions with respect to the C ring of the CA molecule, while those of EC moiety of the 1 : 1 : 2 complex were in equatorial and axial positions with respect to the C ring of the EC molecule, respectively (Table 5) , and also those of EC moiety of the 1 : 1 complex of EC and caffeine were in equatorial and axial positions with respect to the C ring of the EC molecule, respectively ( Fig. 4c, Table 1 ). 23) The crystal structure of the 1 : 1 : 2 complex of CA, EC and caffeine had two layers; one layer in which CA and caffeine formed alternate lines (Layer A) and an other layer in which EC and caffeine formed alternate lines (Layer B). Offset p-p interactions were formed between CA and caffeine in Layer A, and between EC and caffeine in Layer B. In addition, CH-p interactions were formed between the methyl group of N7 of caffeine and the B ring of CA, and the methyl group of N7 of caffeine and the B ring of EC, and the CH-p interactions connected Layers A and B. One O-H · · · O intermolecular hydrogen bond between CA and caffeine was observed in the 1 : 1 : 2 complex ( Fig. 11 , Table 6 ).
Layer A was different from the layer structure of the 1 : 1 complex of CA and caffeine, which was formed by four intermolecular hydrogen bonds (Fig. 12a ), while Layer B was very similar to the layer structure of the 1 : 1 complex of EC and caffeine, which was formed by face-to-face p-p interaction between the A ring of EC and the six-membered ring of caffeine, and two intermolecular hydrogen bonds (Fig.  12b ). 23) 
Conclusion
The structural difference between Cg and CA is the presence of a galloyl group on the oxygen atom at the C3 position or its absence, and all others are the same; however, quite different intermolecular interactions were observed between the 1 : 2 complex of Cg and caffeine and the 1 : 1 complex of CA and caffeine. In the 1 : 2 complex of Cg and caffeine, face-to-face, offset p-p interactions and intermolecu-lar hydrogen bonds were observed, whereas in the 1 : 1 complex of CA and caffeine, only intermolecular hydrogen bonds were observed. Face-to-face p-p interactions and offset p-p interactions could not be found in the crystalline state of the 1 : 1 complex of CA and caffeine, unlike the 1 : 2 complex of Cg and caffeine.
A difference in intermolecular interactions between the 1 : 1 : 2 complex of CA, EC and caffeine and in the 1 : 1 complex of CA and caffeine was observed. Offset p-p interactions were observed between the A ring of CA, EC and the six-membered ring of caffeine in the 1 : 1 : 2 complex of CA, EC, and caffeine, and CH-p interactions and intermolecular hydrogen bonds were also observed. On the other hand, only intermolecular hydrogen bonds were observed in the 1 : 1 complex of CA and caffeine.
Experimental
Materials CA, EC and caffeine were purchased from Sigma-Aldrich Co. Cg was purchased from Wako Pure Chemical Industries, Ltd. CA, EC, Cg and caffeine were used without further purification.
Preparation of Crystals of 1 : 1 Complex of CA and Caffeine
A solution containing equimolecular amounts of CA and caffeine in water was lyophilized to give an orange powder. The powder (20 mg) was recrystallized from methanol (400 ml) to afford colorless needle crystals of a 1 : 1 complex of CA and caffeine.
Preparation of Crystals of CA Alone CA (100 mg, 0.345 mmol) was recrystallized from methanol (200 ml) to give colorless block crystals of CA alone.
Preparation of Crystal of 1 : 2 Complex of Cg and Caffeine
A suspension of Cg (10 mg, 0.023 mmol) and caffeine (4.39 mg, 0.023 mmol) in water (130 ml) was heated at 90°C and left at room temperature to give a sticky substance, which afforded a colorless powder for a few days. The powder was recrystallized from water to give colorless plates of a 1 : 2 complex of Cg and caffeine. Preparation of Crystal of 1 : 1 : 2 Complex of CA, EC and Caffeine A solution of CA (11.6 mg, 0.040 mmol), EC (11.6 mg, 0.040 mmol) and caffeine (15.5 mg, 0.080 mmol) in water (130 ml) was left at room temperature to give a sticky substance, which was dried in vacuo, dissolved in water (450 ml), and left at 10°C to give colorless needles of a 1 : 1 : 2 complex of CA, EC and caffeine.
X-Ray Crystal Structure Analysis of 1 : 1 Complex of CA and Caffeine A crystal of the 1 : 1 complex of CA and caffeine was determined by X-ray crystallographic analysis at 213 K. X-Ray intensity data of 8157 reflections (of which 3311 were unique) were collected on a Rigaku RAXIS RAPID II imaging plate area detector with graphite monochromated CuKa radiation (lϭ1.54187 Å). The data were corrected for Lorentz and polarization effects. The structure was solved by direct methods using SIR2004 24) and expanded using Fourier techniques. 25) The final cycle of full-matrix least-squares refinement on F 2 was based on 3311 observed reflections and 335 variable parameters and converged with unweighted and weighted agreement factors of: Rϭ S ||F o |Ϫ|F c ||/ S |F o |ϭ0.0495 (IϾ2.00s(I)),
The standard deviation of a unit weight observation was 1.15. Unit weights were used. The maximum and minimum peaks on the final difference Fourier map corresponded to 0.30 and Ϫ0.35 e/Å 3 , respectively. All calculations were performed using the CrystalStructure 26, 27) crystallographic software package except for refinement, which was performed using SHELXL-97. 28) The crystal and experimental data of the 1 : 1 complex of CA and caffeine are shown in Table 7 .
X-Ray Crystal Structure Analysis of CA Alone A crystal of CA alone was determined by X-ray crystallographic analysis at 153 K. X-Ray intensity data of 7687 reflections (of which 1704 were unique) were collected on a Rigaku RAXIS RAPID II imaging plate area detector with graphite monochromated CuKa radiation (lϭ1.54187 Å). The data were corrected for Lorentz and polarization effects. The structure was solved by direct methods using SIR2004 24) and expanded using Fourier techniques. 25) The final cycle of full-matrix least-squares refinement on F 2 was based on 1704 observed reflections and 227 variable parameters and converged with unweighted and weighted agreement factors of: Rϭ S||Fo|Ϫ|Fc||/S|Fo|ϭ0.0565 (IϾ2.00s(I)), Rwϭ[ S(w(Fo 2 ϪF c 2 ) 2 )/S w(F o 2 ) 2 ] 1/2 ϭ0.1862. The standard deviation of a unit weight observation was 1.10. Unit weights were used. The maximum and minimum peaks on the final difference Fourier map corresponded to 0.39 and Ϫ0.41 e/Å 3 , respectively. All calculations were performed using the CrystalStructure 26, 27) crystallographic software package except for refinement, which was performed using SHELXL-97. 28) The crystal and experimental data of the CA alone are shown in Table 7 .
X-Ray Crystal Structure Analysis of 1 : 2 Complex of Cg and Caffeine A crystal of the 1 : 2 complex of Cg and caffeine was determined by X-ray crystallographic analysis at 213 K. X-Ray intensity data of 8725 reflections (of which 4328 were unique) were collected on a Rigaku RAXIS RAPID II imaging plate area detector with graphite monochromated CuKa radiation (lϭ1.54187 Å). The data were corrected for Lorentz and polarization effects. The structure was solved by direct methods using SIR2004 24) and expanded using Fourier techniques. 24) The final cycle of full-matrix leastsquares refinement on F 2 was based on 4328 observed reflections and 579 variable parameters and converged with unweighted and weighted agreement factors of: Rϭ S||Fo|Ϫ|Fc||/S|Fo|ϭ0.0870 (IϾ2.00s(I)), Rwϭ
) 2 ] 1/2 ϭ0.2872. The standard deviation of a unit weight observation was 1.13. Unit weights were used. The maximum and minimum peaks on the final difference Fourier map corresponded to 0.49 and Ϫ0.45 e/Å 3 , respectively. All hydrogen atoms of water could not be located on the difference electron density maps. All calculations were performed using the CrystalStructure 26, 27) crystallographic software package except for refinement, which was performed using SHELXL-97. 28) The crystal and experimental data of the 1 : 2 complex of Cg and caffeine are shown in Table 7 .
X-Ray Crystal Structure Analysis of 1 : 1 : 2 Complex of CA, EC and Caffeine A crystal of the 1 : 1 : 2 complex of CA, EC and caffeine was determined by X-ray crystallographic analysis at 193 K. X-Ray intensity data of 22757 reflections (of which 4572 were unique) were collected on a Rigaku RAXIS RAPID II imaging plate area detector with graphite monochromated CuKa radiation (lϭ1.54187 Å). The data were corrected for Lorentz and polarization effects. The structure was solved by direct methods using SIR2004 24) and expanded using Fourier techniques. 25 
